The effects of combining two {:qually effective maskers were studied in normally hearing and elderly hearing-impaired subject:.. The additivity of nonsimultaneous masking was investigated by measuring thresholds for a brief 4-kHz signal in the presence of a broadband-noise forward masker, a backward masker, and a combi nation of' both. For the normally hearing subjects, combining two equally effective nonsimultaneot s maskers resulted in up to a 15-dB greater increase in threshold than the 3 dB predicted by air energy-summation model ("excess masking"). However, the hearing-impaired subjects show•d little or no excess masking. The difference between the two groups is consistent with a theory linking excess masking to the compressive transfer function measured on the basilar membra ae (BM). In the hearing-impaired subjects the transfer function is more linear, accounting for the la :k of excess masking. The additivity of simultaneous masking was investigated by measuring thresh •lds for a 100-ms 4-kHz signal in the presence of either a 400-ms 
crease in signal threshold when the two maskers are combined (Green and Swets, 1966 Moore, 1994) . Penner (1980) proposed that excess masking could be accounted for by assuming that stimuli are subjected to a compressive nonlinearity before their effects are combined within a linear temporal integrator. Rather than attempting to define the weighting function (or window) associated with the integrator, Penner used the signal threshold in the presence of a single masker as a measure of the masker's intemal effect and derived an expression for the compressive nonlinearity by combining equally effective pairs of maskers over a range of levels. The observation that the amount of excess masking increased with increasing level led Penner to propose a nonlinearity more compressive than a simple power law (where stimulus representations are raised to a power less than unity). Humes and Jesteadt (1989) have since shown that it is possible to account for the level dependency of excess masking with a simple power law, if 
where i x represents the internal effect produced by masker X at the signal frequency, luxx is the intensity of the signal at masked threshold for masker X, 1QT is the constant term representing signal intensity at threshold in quiet, and p is the exponent which determines the amount of compression, with a value ranging from 0.0 to 1.0. If two maskers are presented, it is assumed that they are compressed individually before their effects are combined.
As Penner and Shiffrin (1980) showed, it is possible to use the signal level at threshold as a measure of the masker's internal effect as long as the stimuli do not overlap. However, without a derivation of the temporal weighting function it is only possible to predict masked thresholds for combined maskers if the masked thresholds in the presence of the individual maskers are known. In an attempt to derive a suitable weighting function, Oxenham and Moore (1994) presented a model in which the stimuli are first filtered using a (linear) gammatone filterbank (de Boer and Kruidenier, 1990) and, for simplicity, only the output from the filter centered at the signal frequency is processed further. The output of the filter is rectified and subjected to a compresslye nonlinearity before being integrated. A weighting function for the integrator, or temporal window, was derived using the results from a number of forward-and backward-masking conditions, with masker-signal intervals ranging from 0 to 100 ms, and from combined-masking (forward and backward) conditions with the signal placed both symmetrically and asymmetrically in time between the forward and backward masker. Four free parameters defined the exact shape of the temporal window, three determining the decay of forward masking (two time constants and a weighting function between them) and one determining the decay of backward masking. This procedure is similar to that used in other temporal window studies (Moore et al., 1988; Plack and Moore, 1990) . Absolute threshold was accounted for by assuming a small, constant output from the temporal window. This constant has the same effect as the constant used by Humes and Jesteadt (/QT) and so allowed the model to account for the increase in excess masking with level while using a simple power-law nonlinearity. The best fits to the data were achieved by raising the stimulus intensity to the power of approximately 0.3 (i.e., I p , where p =0.3).
By combining compressed representations of the stimuli within a temporal window, the model proposed by Oxenham and Moore (1994) was able to account for the additivity of nonsimultaneous maskers, as well as accounting for the decay of forward and backward masking as a function of masker-signal interval. The model presented by Humes et al. (1988) always applies compression to the amount of masking, rather than to representations of the stimuli. This has the advantage that, when the stimuli do not overlap in time, it is not necessary to derive a temporal weighting function in order to predict the amount of excess masking if signal thresholds in the presence of the single maskers are known. The disadvantage of compressing the amount of masking is that excess masking is predicted in all masking situations, including ones where maskers spectrally and temporally overlap, meaning that certain masking conditions must be excluded from the model in order to remain consistent with experimental data. In cases where the stimuli themselves are compressed (e.g., Penner, 1980; Penner and Shiffrin, 1980; Oxenham and Moore, 1994), excess masking is predicted only when the stimuli are compressed independently, i.e., when they do not overlap in time. This is consistent with experimental data using broadband-noise maskers (Cokely and Humes, 1993) ; other configurations of simultaneous maskers will be discussed in Secs. II and III. Another advantage of applying compression to the stimuli and deriving an appropriate temporal window is that the scheme can be used within a more general model of auditory processing. Oxenham and Moore (1994) (Glasberg and Moore, 1985) . The e, ffects of a more linear BM transfer function are k ss well understood, although the effect of loudness recruitslent (Fowler, 1936) may be mediated by BM linearization (Y •tes, 1990; Glasberg and Moore, 1992). If excess masking is indeed mediated by peripheral nonlinearities (in particular a compressive BM function), then one might expect subjects with sensorineural hearing loss to exhibit much less excess; masking than norreally hearing subjects. The first exper ment tests this hypothe, sis.
A. Conditions and stimuli
Experiment 1 compared the amoun• of excess masking observed in three normally hearing subjects with that observed in three elderly subjects with coc• lear hearing impairment. The signal was a 4-kHz sinusoid (Farnell DSG1) with a 2-tns steady-state portion, gated on and off with 2-ms raised-cosine ramps. The masker (both forward and backward) was a low-pass filtered white noi:.e with a cutoff frequency of 9 kHz (Kemo VBF/8/03 filte r, 96-dB/oct slope).
The masker had a steady-state duration of 200 ms and was gated. with 1-ms raised-cosine ramps.
Initially, the threshold of the signal in quiet was measured for each subject. Then levels of fo•'ward and backward maskers were determined which individu ally produced 5, 10, 15, 20, and 25 dB of masking. At first, forward masker levels were determined for masker-signal intervals of 10 and 25 ms (tiefined as the interval between the zero-voltage points of the envelope of the electrical signal) a• •d backward masker levels were determined for signal-mask•r intervals of 1 and 5 ms.. After these data had been collected, a further forwardmasking condition, using a masker-sigr al interwd of 5 ms, was included. However, in this conditiot., due to time shortages, masker levels producing 5 dB ol masking were not measured, except for subject JC. Once thresholds for the individual forward and backward maskers had been determine.:l, signal thresholds were measure½ in the presence of pairs of equally effective maskers, on • forwarcl and one backward.
A trial consisted of two observation !ntervals, marked by lights., separated by a silent interval of 500 ms. The signal was presented randomly in either the firs: or second interval. Stimulus timing was controlled by a Tex• s Instruments 990/4 computer system. Two analog multipliei s (AD 534L) in series were used as gates, giving an on-off ratio exceeding 100 dB. Stimulus levels were varied using ,2harybdis model D programmable attenuators. The stimuli x •ere passed through a final manual attenuator to one earphcne of a Sennheiser HD414 headset. For the normally hearing subjects, the stimuli were presented to the left era. For the hearingimpaired subjects the stimuli were prese ated to the ear with the lower audiometric threshold at 4 kH•. For our three subjects this was also the left ear.
B. Procedure
Thresholds were determined using; a two-alternative forcecl-choice paradigm with a three-dox/n one-up (three-up one-down in the case of the varying master) adaptive procedure that estimates the 79.4% correct p, tint on the psycho- Subjects were tested individually in a double-walled soundattenuating chamber.
C. Subjects
The three normally heating subjects were aged between 24 and 30 yr and had thresholds no greater than 15 dB HL at octave frequencies between 250 Hz and 8 kHz. One was the author AO; the others were paid for their participation. Subjects AO and ST had previous experience in psychoacoustic tasks. The three hearing-impaired subjects were aged between 73 and 77 yr and had bilateral sensorineural hearing loss. Their audiometric thresholds are given in Table I . All three hearing-impaired subjects had previous experience in psychoacoustic tasks, and all were paid for their participa- The data from the hearing-impairec subjects (Fig. 2) generally show more linear growth of masking for all the conditions tested; this finding is considered in the general discussion (Sec. 111 B). Given the noise-level limitation, it was only possible to measure threshold; for signal levels between 5 and 20 dB SL; attempts to me asure thresholds at 25 dB SL resulted in noise levels which vxceeded our limit.
As with the normally hearing group, re., ults from the two backward-masking conditions are more variable than those from the forward-masking conditions. Co• nparing conditions 5F and 5B, it can be seen that only sul•ject JC shows the temporal asymmetry in masker effectiver ess which is characteristic of results from normally hearing subjects. The data from subject AD show the forward masker and backward masker to be approximately equally effective at a 5-ms interval, implying a symmetric temporal v'indow shape, and the data from GW indicate an asymmet:y in the opposite direction, as the backward masker is mo'e effective (lowel' masker level required) than the forward masker. Also, the decay of both forward and backward mast ing is less steep in the hearing-impaired data. For instance, comparing data points for a given subject and signal level, it can be seen that in many cases the masker level does not ncrease much and in some cases actually decreases when going from 5F to 10F. although the decreases were not significant (one-tailed t-test: group at all levels. At 20 dB SL,' the normally hearing group shows 9 dB of excess masking compared with less than I dB in the hearing-impaired group. This implies that, in the presence of two equally effective maskers, hearing-impaired subjects perform relatively better than subjects with normal hearing, especially at higher sensation levels.
E. Discussion
The results from experiment I are consistent with the hypothesis, explained above, that excess tnasking is mediated by the compressire transfer 13nction of the BM and that, in normally hearing subjects, compressed representations of the stimuli are combined linearly at a higher processing stage. Subjects with cochlear hearing loss show little or no excess masking, consistent with physiological findings that damage to the cochlea results in a more linear transfer function, a•s measured on the BM (Ruggero and Rich, 1991).
Data from the two groups were fitted to the "modified power law" (MPL) function, described by Humes and Jesteadt (1989) The finding that the hearing-impaired data are well modeled with a linear function, while the data from normally hearing subjects were best fitted with a strongly compressire function, has some implications for theories describing data from heating-impaired subjects. Some theories of masking and loudness coding assume the same compressire nonlinearity when accounting for data from both normally hearing and hearing-impaired subjects (Humes et al., 1988 (Humes et al., , 1992a  Humes and lesteadt, 1991). Such models account for threshold elevation and loudness recruitment in the hearing impaired solely by assuming an increase in the internal noise, rather than a decrease in sensitivity and a reduction in nonlinearity. Given that the data from the hearing-impaired group could only be modeled by an effective elimination of compression, this assumption may require some reconsideration. Also, it has been recently shown that a model which assumes a more linear transfer function when modeling loudness scaling data from hearing-impaired subjects is able to account for loudness recruitment and loudness summation effects (Launer, 1995).
As mentioned above, measurements of BM response show an initial linear growth, followed by a mid level compressire region and, at very high levels, a more linear region again. We have modeled our results using a simple power law, which could be thought of as representing the mid level region of the BM transfer function (ca. 30-90 dB SPL).
Given that we cannot obtain results for very high signal levels, due to the hazardous masker levels needed, and that results using very low signal levels seem to reflect the approach to absolute threshold in both groups of subjects, the approximation of a simple power law seems reasonable. Physiological investigations demonstrating BM compression have mainly been carried out using pure-tone stimuli (e.g., Yates, 1990; Ruggero, 1992 ). To our knowledge there are no published data on the growth of overall response at a single point on the BM using broadband noise. Fortunately, the method used above to derive the nonlinearity relies solely on the response to the tonal signal, and not on the response to the noise masker, as shown in the Appendix. (Ruggero, 1992, Fig. 1) . Thus, we assume that the two maskers and the signal undergo the same compressive nonlinearity at the place of detection. At a given time, the activity due to the combined stimuli may be expressed as
y(t) = [S(t) +N•(t) +m2(t)] p,
where S(t), Nl(t), and N2(t) are the filtered representations of the signal and the two noise maskers, respectively, in intensity units, and p is the compressire index, as explained above. Note that schemes based on Eq. (3) do not predict excess masking, as the effects of the stimuli are combined before being compressed. This results in linear addition of effects, independent of whether the processing following filtering is linear or not. In the case of nonsimultaneous mask- In experiment 1, using nonsimultaneous maskers, we found a large difference in the best-fitting nonlinearity between the normally heating and the hearing-impaired group. As we have argued above, simultaneous excess masking, where maskers and signal are close in frequency, is probably not mediated by the same mechanisms and can probably be accounted for by considering the available detection cues in each situation. Thus, if the same cues are available to both normally hearing and heating-impaired subjects in the presence of a single masker, we would predict similar amounts of excess masking for both groups in the presence of two maskers. However, this prediction seems not to be consistent with data provided by Lutfi (1987) . He compared the effects of combining two equally effective simultaneous narrowband maskers in normally hearing and hearing-impaired subjects and found evidence for excess masking only in the normally heating subjects; effectively no excess masking was found in the hearing-impaired subjects. l,utfi considered the possibility that the results may reflect mere linear processing with the hearing-impaired subjects but, as explained above, it seems unlikely that separate compression of the maskers and signal underlies this phenomenon. As Lu tfi stated. a number of alternative explanations could account for his results. In his experiments, Lutfi used 50-Hz-wide noise bands as maskers, one above and one below th.', signal frequency. Lufti lists a number of possible cues available to normally bearing subjects in the presence of one ol the maskers which may not have been available to the he•xing-impaired subjects. For instance, it is known that comhination tones (e.g., Greenwood, 1971) Moore and Raab (1974) , and the fact that no excess masking was observed by 3reen (1967) when the maskers were gated with the signal suggests that the onset and offset ramps were utilized in the detection process. These two factors lead to a relatively low threshold signalto-marker ratio at the output of the auditcry filter centered at the signal frequency. For a broadband. noise masker, the main cue may simply be the change in e •ergy at the output of the auditory filter centered at the signa frequency (Green and Swets, 1966; Green, 1967) . Hence, the signal-to-masker ratio at the output of the auditory filter centered at the signal frequency is higher than for the sinusoida masker. When the two maskers are combined, the broadband noise disrupts the off-frequency excitation and the envelo3e cues that were available for the sinusoidal masker. Co wersely, the sinusoidal masker adds considerably to the ou :put of the auditory filter centered at the signal frequency. This means that the change in level produced by adding the signal is markedly reduced. Therefore, when equally effecti ee tonal and noise maskers are combined, the cues which ,llowed reasonable performance for each masker separately ere no longer available and excess masking occurs.
ing, where S(t), N•(t), and N2(t ) do not overlap, Eq. (3) is equivalent to y (t) = S(t) p + N 1 (t) p + N2(t) p. (4) Using Eq. (4), if y(t) is integrated over time, it is possible to
[t would be expected that hearing.impaired subjects would be able to utilize a cue based on a tone's spread of excitation. Indeed, at low sensation leeels, reduced frequency selectivity may increase the initi• 1 spread of excitation due to a tonal stimulus (Evans, 1975) which in turn may lead to a greater loss of information in the presence of a noise masker and so to somewhat greater excess masking than for normally hearing subjects at equal sensation levels. Experiment 2 tests this hypothesis using the same subjects as in experiment 1, and the same signal frequency of 4 kHz.
A. Conditions, stimuh, and procedure
Thresholds of a 4-1cHz sinusoidal signal were measured in the presence of either a broadband white-noise masker (9-kHz low pass) or a sinusoidal masker of the same frequency as the signal. The signal had a steady-state duration of 100 ms and was presented in the temporal center of a 400-ms masker. All stimuli were gated using 5-ms raisedcosine ramps. In the case of the sinusoidal masker, the signal was added in phase with the masker. Initially, the threshold of the signal was measured in quiet for each subject. Then, for the normally hearing subjects, the level of each masker required to produce 10, 20, 30, 40, and 50 dB of masking was determined. For the hearing-impaired group, the reduced available dynamic range limited the signal level to about 20 dB SL, and so masker levels were determined which individually produced 5, 10, 15, and 20 dB of masking. Once thresholds for the sinusoidal and the noise maskers had been individually determined, signal thresholds were measured in the presence of pairs of equally effective maskers, the sinusold and the noise. A trial consisted of two observation intervals, marked by lights, separated by a silent interval of 500 ms. The signal was presented randomly in either the first or second interval. The equipment, the method of presentation, and the procedure for measuring thresholds were the same as those used in experiment 1. In cases where the tonal masker level was varied, a run was automatically terminated if the masker level reached 105 dB SPL for the normally hearing subjects or 110 dB SPL for the hearing-impaired subjects. In these cases measurement of that data point was abandoned.
B. Subjects
The subjects were the same as those used in experiment 1. All subjects were given at least 4 h of practice, divided between the different conditions, before the data were recorded. No consistent improvements were found during the course of the experiment.
C. Results
Thresholds in quiet are given in Table II . Results from the single-masker conditions are shown in Fig. 6 . Again, as the signal level was fixed and the masker level varied, masker level is plotted on the ordinate. The dashed lines in all four panels indicate linear growth of masking. Consider first the data from the normally hearing subjects (left panels). As can be seen in the top left panel, consistent with Weber's law, the growth of masking with the noise masker is linear. For the tonal masker (bottom left panel) the well-known "near miss" to Weber's law can be seen (Viemeister, 1972) ; the Weber fraction decreases with increasing signal level. The data from the hearing-impaired subjects are somewhat more variable across subjects, although the general pattern of results is similar across the two groups. The results from combining equally effective pairs of maskers are plotted in Fig. 7 . The solid lines indicate no threshold increase in the presence of two maskers, the shortdashed lines indicate a 3-dB increase (energy summation), and the long-dashed lines show some predictions discussed below. At the highest levels, both groups show some excess masking, although the amount is much less than that seen in nonsimultaneous-masking conditions for normally hearing subjects. The amount of excess masking at the highest levels (3-4 dB) is similar to that found by Green (1967) in a comparable condition. For the normally hearing group there is no excess masking for single-masker thresholds below 40 dB SL; for the hearing-impaired group, no excess masking is observed at levels below 15 dB SL. In the hearing-impaired group, subject JC shows no excess masking at all. The fact that excess masking is only observed at the highest levels is consistent with the explanation involving the spread of excitation in the presence of a tonal masker; at low masker levels, the spread of excitation would be minimal and so would not provide an additional cue.
Interestingly, at the lowest levels a few data points lie below the solid line, indicating that the signal threshold decreased in the presence of two maskers. The single-masker conditions for these points were repeated and found to be consistent. The largest effect is seen at 5 dB SL with the hearing-impaired subject JC (right panel, open circle) . From  Fig. 6 (bottom right panel) it can be seen that at the lowest signal level, the tonal masker level for subject JC was approximately equal to the signal level. Thus, when the noise and tonal maskers were combined, the tonal masker was itself presented at threshold. As the tonal masker was barely audible in the combined situation, the task effectively became detection of a tone in noise. When the tone was presented, its effective level was 6 dB higher, due to its in-phase addition with the tonal masker. This may have enhanced detection. At higher levels, and for other subjects at all levels, the tonal masker was well above threshold and so the task in the combined condition was not simply that of detecting a tone in noise, but of detecting an increment in the tonal masker in the presence of the noise.
The data from the two groups were fitted using the MPL method (Humes and Jesteadt, 1989), as explained above. The best-fitting functions are shown in Fig. 7 . Both groups were best fitted by weakly compressire functions, the normally hearing group with p =0.7 and the hearing-impaired group with p =0.9. Using a comparison of regression test (Snedecor 60 • 3o and Cochran, 1967), it was found that he difference in the value ofp across the two groups was no ' significant [F(1,22)  =0.1, p>0.25] . If the data across grot ps are compared at equal, low sensation levels, the hearing-trapaired group generally shows a greater increase in thresh(ld in the presence of two maskers than the normally heating group. For instance, at 20 dB SL the mean increase in mas ring for the hearing impaired is 5.4 dB (2.4-dB excess masl:ing), while that for the normally hearing group is only 2 dB (less than energy summation). This is consistent with the prediction, outlined above, that reduced frequency selectivity leads to greater spread of excitation for the hearing impa red at low sensation levels.
In summary, both heating-impaired and normally hearing groups showed some excess masking at the highest levels tested, although the amount was small 'or both groups. No excess masking was observed at lower levels. In contrast to the data for nonsimultaneous masking, t well below the signal frequency. An increase in masker level of 1 dB will result in a l-dB increase in activity at the BM place corresponding to the signal frequency, while a 1-dB increase in signal level will result in a less than l-dB increase, due to the compression. Thus, in order to maintain the threshold signal-to-masker ratio, the signal level must be raised by more than I dB. This implies that upward spread of masking is a natural consequence of BM nonlinearicy. Both Stelmachowicz et al. (1987) and Murnane and Turner (1991) have suggested that the upward spread of masking is related to the nonlinear behavior observed in the healthy cochlea and both have shown that, consistent with this suggestion, the growth of masking in hearing-impaired subjects is more linear. Also, a nonlinear model of cochlear mechanics (Lumer, 1987a,b) has been shown to be able to account for the upward spread of masking (Lumer, 1985) .
The model of Oxenham and Moore (1994) uses a linear filter followed by a compresslye nonlinearity which is not frequency dependent. In order to predict simultaneousmasking effects such as the upward spread of masking this scheme would need to be replaced by a more physiologically based nonlinear filter. However, for the purposes of illustration, we simply postulate a peripheral model which exhibits a compressire power-law response to slimuli close Io CF and a linear response to low frequencies (LRLF model). Clearly, an explanation simply in terms of compression at CF and linear response for stimuli well below CF is not fully satisfactory as it does not' take into account the interaction of simultaneous stimuli within a nonlinear system, leading to effects such as two-tone suppression and combination tones.
Nevertheless, upward spread of masking has also been ob- Fig. 1) show that between the penultimate and highest masker level, at a signal frequency of 4 kHz, the growth function undergoes a dramatic steepening, becoming nearly linear. As mentioned, the data from the hearing-impaired subjects show a much more linear growth of forward masking than those from the normally hearing group at all masker-signal intervals. This would be expected with a linearization of the BM transfer function. However, further study is required to determine whether or not the BM nonlinearity can provide a full account of the growth of forward masking.
As shown here and in previous studies, the decay of forward masking in the hearing impaired is less rapid than for normally hearing subjects. This may also be accounted for by the decrease in compression in hearing-impaired subjects. For a fixed temporal window shape, a decrease in compression leads to a more gradual decay in p. redicted forward masking (Glasberg et al., 1987) . Thus the ob. served reduction in the decay of both forward and backward masking may reflect only a change in nonlinearity, rather than an alteration of the underlying temporal window shape. This does not, however, account for the abnormal temporal asymmetries observed with the hearing-impaired subjects.
IV. SUMMARY
The elderly heating-impaired subjects showed much less excess masking than normally hearing subjects for combined nonsimultaneous maskers (experiment 1). The lack of excess masking in the hearing-impaired subjects can be well described using a linear function (simple energy summation).
The data from the normally hearing subjects were best accounted for by assuming that the stimuli were compressed before their effects were combined, with the best fit achieved by raising stimulus intensity to the power of 0.2. This is consistent with the theory linking excess masking in nonsimultaneous conditions to the nonlinear transfer characteristic of the basilar membrane in a healthy cochlea (Oxenham and Moore, 1994) . However, these nonsimultaneous-masking results do not support models which assume the same compressive nonlinearity for both normally hearing and hearingimpaired subjects (Humes et al., 1988) .
In a simultaneous-masking condition (experiment 2), the same pattern of results was found for both normally heating and hearing-impaired subjects. This is consistent with an explanation based on the use of different cues in the different simultaneous-masking situations. The BM's nonlinear transfer characteristic may also be important in accounting for the upward spread of masking, the nonlinear growth of forward masking, and the more gradual decay of forward masking observed in the heating impaired. 
